MXenes with versatile chemistry and superior electrical conductivity are prevalent 
Introduction
Two-dimensional (2D) early transition metal carbides, nitrides and carbonitrides, known as MXenes, constitute a large family of 2D materials and recently attract enormous attentions. 1 These monolayers are generally produced by extracting the A element from the MAX phases (M is early transition metal; A is group IIIA or IVA element; X is C or N). 2 To date, 19 different MXenes, such as Ti 3 C 2 , Mo 2 C, V 2 C, Ti 4 N 3 and Ta 4 C 3 , have been synthesized in laboratory. [3] [4] [5] [6] These MXenes are good electrical conductors with high elastic moduli. [7] [8] [9] [10] The rich chemistries and unique morphologies render MXenes versatile for sensors, 11 energy storage, 12, 13 catalysis, 14, 15 and water purification. 16 In particular, the layered structures of MXenes allow the storage and rapid transport of ions, and hence are widely exploited for electrodes of supercapacitors 13 and metal-ion batteries. 17, 18 Some theoretical studies predicted that the MXene surfaces terminated by oxygen functional groups are active for catalysis of hydrogen evolution reaction (HER) [19] [20] [21] and CO 2 reduction. 22, 23 However, so far only Mo 2 C monolayer has been demonstrated to have HER activity in experiment. 15 On the other aspect, MXenes are excellent conducting reinforcement to composites, showing strong interfacial coupling and fast charge transfer kinetics. MXene backbone, and obtained HER activity competitive to that of the MoS 2 -based catalysts. 25 Zhao et al. hybridized 2D metal-organic frameworks (MOF) with Ti 3 C 2
MXene nanosheets and observed prominent activity for oxygen evolution reaction (OER). 30 Electrochemical reactions including HER, OER, as well as oxygen reduction reaction (ORR) are the cornerstones of many renewable energy devices such as fuel cells, metal air batteries and water electrolysis. [31] [32] [33] The large-scale application of these technologies relies on development of active, stable and low-cost catalysts to replace the scarce noble metal catalysts. Benefited from the synergic effects, the composites of N-doped graphitic carbon and transition metal based materials form one main category of electrocatalysts for HER, OER and ORR. 31, 33, 34 Considering the metallic nature of MXenes and their efficient charge transfer kinetics, it is intriguing whether the hybrids of MXenes and N-doped carbon materials can serve as a new family of catalysts with even superior performance.
Here we explore the electrocatalytic properties of the heterostructures of N-doped graphene supported by MXenes -Ti 2 C, V 2 C, Nb 2 C and Mo 2 C monolayers.
First-principles calculations demonstrate that V 2 C and Mo 2 C hybridized with N-doped graphene are highly active for both HER and ORR with small overpotentials and low kinetic barriers. Some pivotal issues behind the remarkable catalytic 
Methods
Density functional theory (DFT) calculations were performed by the Vienna ab initio simulation package (VASP), 35 using the planewave basis set with an energy cutoff of 550 eV, the projector augmented wave (PAW) potentials, 36 and the GGA-PBE exchange-correlation functional. 37 To model the graphene/MXene heterostructures, we used a supercell consisting of 5 × 5 graphene unit cells and 4 × 4 unit cells for Ti 2 C, Nb 2 C, Mo 2 C, and √19 × √19 unit cells for V 2 C, respectively, giving lattice mismatch below 2.12% (see Table S1 † for details). We considered O functional groups terminating the bottom surface of MXene, as the Ti 2 C, V 2 C, Nb 2 C and Mo 2 C MXenes terminated by O species are thermodynamically more stable than those by OH-or F-termination. 21 A vacuum region of 16 Å was applied in the vertical direction. For these hybrid systems, the in-plane lattices of MXenes were either stretched or compressed to fit that of graphene. The strain effect on the binding property and catalytic activity is found to be negligible ( Table S1 , S3-6 †). The Brillouin zone was sampled by 3 × 3 × 1 uniform k point mesh. Within the constrained supercells, the model structures were fully optimized using thresholds for the total energy of 10 −4 eV and force of 0.02 eV/Å, respectively. The Grimme's DFT-D3 scheme of dispersion correction was adopted to describe the van der Waals (vdW) interactions in these layered systems. 40 Partial charge densities were evaluated by the Bader charge analysis. 41 Within the current slab model, work function was computed by referring the Fermi energy to the electrostatic potential in vacuum. 4 ], and U 0 = 0.40 V is the equilibrium potential for pH = 14 and temperature T = 298 K. 44 The computed η ORR is actually independent on the pH value. 45 The HER performance was characterized by the reaction free energy (ΔG H* ) of hydrogen adsorption (ΔG H* ), defined as:
where ΔE H* , ΔZPE and ΔS are the differences of DFT total energy, zero-point energy, and entropy between the adsorb H* phase and H 2 gas phase, respectively; ΔZPE and ΔS were acquired by vibrational frequency calculation ( The kinetic barriers and transition states for the ORR and HER reactions were simulated by the climbing-image nudged elastic band (CI-NEB) method. 51 Five images were used to mimic the reaction path. The intermediate images were relaxed until the perpendicular forces were smaller than 0.02 eV/Å.
8

Results and Discussion
N-doped graphene is known to be capable of catalyzing ORR and HER with the active sites originated from defects or edges. 52 To activate the carbon basal plane, we hybridize N-doped graphene with the metallic Ti 2 C, V 2 C, Nb 2 C and Mo 2 C monolayers, as shown in Fig. 1 (hereafter denoted as G/Ti 2 C, G/V 2 C, G/Nb 2 C and G/Mo 2 C, respectively). The detailed structural information of these graphene/MXene models is given by Table 1, Table S1 MXene to surface C atoms and from C to N atoms, the graphitic sheet of the heterostructures is associated with a non-uniform electron density distribution.
Generally, the C atoms with less electron densities provide larger binding strength with oxygen intermediates (Fig. S6 †) . 44 The strongest binding is achieved on the C Fig. S7-8 †) . In particular, the O 2 → 2O* pathway is thermodynamically favorable, which can promotes the active sites on the right side of volcano in Fig. 2b .
For those C sites, formation of OOH* from O 2 is the rate-limit step and gives rise to the largest potential step, as displayed in Fig. 2c, d . This potential step can be avoided (Fig. 4b, Fig. S9 †) , moderately higher than that of Pt (0.8 eV 59 ) and close to the values of MoS 2 edges (1.0~1.5 eV 58, 60 ). Note that the reaction barrier is usually much lower under the Heyrovsky mechanism that involves the combination of H* species with a proton accompanied by electron transfer. 20, 58 Therefore, HER may proceed even more facilely through the Volmer-Heyrovsky pathway 58 for the graphene/MXene heterostructures.
Note that standalone Ti 2 C, V 2 C, Nb 2 C and Mo 2 C MXene monolayers terminated by O species were predicted to have HER activity at hydrogen coverage of 12.5%~50%. 15, 19, 20 When hybridized with N-doped graphene, the bottom surface of Table S8 † for details).
As the synthetic MXenes may have F residues on the surface, 1 we examine their impact on the electrocatalytic properties of the graphene/MXene heterostructures. Due to the strong electron-withdraw ability of F atoms, the binding capability of the (Table S10 †) . Thus, the composites of 2D metal carbides and N-doped graphene may form one category of efficient electrocatalysts. Moreover, 2D metal nitrides have different surface polarity from that of metal carbides and may lead to diverse catalytic properties when hybridized with N-doped graphene, which would be the subject of our future study.
The synergic effect of the graphene/MXene hybrids can be understood from their electronic structures. All these hybrid systems show metallic behaviors, evident from the density of states (DOS) (Fig. S10-12 †) . The graphitic sheet is strongly hybridized with the MXene substrate, presenting prominent DOS at the Fermi level (Fig. 5a) .
Noticeably, the binding energies of reaction intermediates on the graphene/MXene heterostructures is correlated to the p z band center (ε pz ) of the graphitic sheet, as demonstrated by Table 1 and Table S1 The N atoms are in the pyridinic form for the data presented in (a, b, c).
